We investigated genetic diversity and phylogenetic relationships among three morphologically distinct populations of Dall's porpoise ( Phocoenoides dalli ) in Japanese waters by analyzing mitochondrial DNA variation. These populations, the Sea of Japan-Okhotsk dalli -type population, the truei -type population and the standard dalli -type population in the northwestern North Pacific, are clearly discriminated from each other by differences in the size of their white flank patch. A total of 479 bp of the mitochondrial control region and flanking tRNA genes was sequenced for 103 individuals. Haplotypic diversity was high ( h = 0.968), but these haplotypes differed by only a few nucleotides ( π = 0.0106). Although many haplotypes were shared between populations, analysis of molecular variance (AMOVA) indicated genetic subdivision among the three populations (overall F ST = 0.023, P < 0.001; Φ ST = 0.026, P = 0.029). Pairwise comparisons indicated a low but significant difference between the Sea of Japan-Okhotsk and the other two populations, whereas there was no significant difference between the latter. These results suggest that there is a close evolutionary relationship among these populations despite their consistent differences in coloration. This may reflect genetic polymorphism in the common ancestral population, which subsequently underwent a rapid divergence. The low genetic variability and haplotypic differentiation of the Sea of Japan-Okhotsk population suggest that it originated from a small population that colonized the Sea of Japan or that experienced population reduction when this Sea was isolated from the North Pacific in the last glacial period.
INTRODUCTION
In cetacean species, understanding the processes of genetic or morphological differentiation is difficult because they live in a marine environment, where few physical barriers exist and individuals are highly mobile. Practically, it is hard to determine the population subdivisions of species which have vast geographic distributions and migrate largely according to seasonal or environmental changes. For population studies of these species, genetic markers such as mitochondrial DNA (mtDNA) are useful (Baker and Palumbi, 1997) .
Dall's porpoise, Phocoenoides dalli , is a small, typically black and white porpoise widely distributed in the cold waters of the North Pacific, Sea of Japan, Sea of Okhotsk and Bering Sea. Three major color morphs, that is, truei -, standard dalli -and the Sea of Japan-Okhotsk dalli -types, have been recognized based on the amount of white coloration on the lateral surface and the geographical range (Houck and Jefferson, 1999) . The truei -type has a large lateral white patch extending as far anterior as the flipper and is distributed off the Pacific coast of northern Japan to the central Sea of Okhotsk. Although the truei -type was once described as Phocoenoides truei by Andrews (1911) , it has been generally treated as a color morph in Phocoenoides dalli because no distinctive differences other than the size of the white flank patch have Edited by Fumio Tajima * Corresponding author. E-mail: azusa@zoo.zool.kyoto-u.ac.jp been found so far (Houck and Jefferson, 1999) . Until recently the dalli -type, in which the anterior border of the lateral patch is located at the dorsal fin level, was considered to occupy most of the species range. However, recent investigations have revealed that dalli -type porpoises from the Sea of Japan and the southern Sea of Okhotsk possess smaller white patches than those from other areas (Amano and Miyazaki, 1996; Amano et al., 2000) . Accordingly, the dalli -type has been divided into two morphs, the Sea of Japan-Okhotsk dalli-type and the standard dalli -type in other areas.
In Dall's porpoises, eight breeding grounds have been presumed to exist mainly based on the distribution of mother-calf pairs (Kasuya and Ogi, 1987; Yoshioka et al., 1990; IWC, 1991; Miyashita, 1991) . These breeding grounds are thought to be utilized by discrete populations. In waters around Japan, three populations occur ( Fig. 1) . One is the Sea of Japan-Okhotsk population, characterized by the smaller white patched dalli -type, which migrates from the Sea of Japan to the southern Sea of Okhotsk to breed (Miyashita and Kasuya, 1988) . Another is the truei -type population, which migrates along the Pacific coast of northern Japan through the Kuril Islands and breeds in the central Sea of Okhotsk (Miyashita and Doroshenko, 1990) . The other is the standard dalli-type population in the northwestern North Pacific, whose breeding ground is considered to be located within a region bounded by 155 ° E and 162 ° E longitude and 42 ° N and 47 ° N latitude (Yoshioka et al., 1990) .
These populations have been targets for harpoon fishery in Japan, and a considerable number of porpoises were also incidentally caught by salmon or squid drift nets from the 1960's to the 1980's. The need for manage- Fig. 1 . Sampling localities are indicated by open circles and a hatched area. The size of the circles is proportional to the number of individuals collected. Drawings of the distinctive color morphs are presented. The summer breeding range for each population (based on Yoshioka et al. 1990 , Miyashita 1991 is indicated by a solid line. Possible routes of seasonal migration (based on Miyashita and Kasuya 1988, Miyashita and Doroshenko 1990) are depicted with gray arrows. SJ-OK, the Sea of Japan-Okhotsk population; TR, the truei -type population; WNP, the northwestern North Pacific population. ment and conservation has led to various studies pertaining to population structures. Geographic variations among the populations have been reported with respect to parasite loads (Walker, 2001) , levels of organochlorine contamination (Subramanian et al., 1986) , life history parameters and timing of parturition (Kasuya, 1978; Newby, 1982; Yoshioka et al., 1990; Amano and Kuramochi, 1992; Ferrero and Walker, 1999) , external and skull Miyazaki, 1992, 1996) morphology and allozymes (Shimura, 1989) . Escorza-Treviño and Dizon (2000) investigated the overall population differentiation pattern of dalli -type Dall's porpoises using mtDNA and microsatellite DNA variations and suggested a western origin for the species. However, the small sample size of each population, the presumption of putative populations and lack of the truei -type population limited their ability to draw further conclusions. In the present study we investigated the finer-scale genetic structure of three populations of Dall's porpoises in Japanese waters based on the mtDNA variations with samples of which original populations were obviously recognizable by color morphs. We thereby revealed the phylogenetic relationships among these populations that have distinct coloration and discussed the evolutionary process of population differentiation in the westernmost region occupied by the species.
MATERIALS AND METHODS
Samples and DNA extraction A total of 103 samples (52 males and 51 females) were used ( Fig. 1) . Dalli -type animals that were taken in the harpoon fishery off the Hokkaido coast of the Sea of Japan and that had smaller white flank patches than standard dalli -types (n = 35) were considered to belong to the Sea of Japan-Okhotsk population sample. Truei -type animals harpooned off the Sanriku coast of northern Japan (n = 35) were treated as the truei -type population sample. The standard dallitype animals taken by scientific research vessels in the North Pacific within a region bounded by 155 ° E and 162 ° E longitude and 42 ° N and 47ºN latitude (n = 33) were assigned to the western sector of the northwestern North Pacific population. Samples of skin or muscle tissue were preserved in 95% ethanol or stored at -80 ° C. Tissue samples were digested with proteinase K (100 µ g/ml) in STE buffer (150 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and 0.1% sodium dodecyl sulfate at 55 ° C for ≥ 3 h. Total DNA was purified by standard phenolchloroform extraction and ethanol precipitation.
MtDNA amplification and sequencing
The 5' end of the mitochondrial control region and flanking tRNAs were amplified using the polymerase chain reaction (PCR; Saiki et al. 1988 ) with the primers L15926 (5'-ACACCAGTCTTGTAAACC-3') modified from Kocher et al. (1989) and H00034 (5'-TACCAAATGTATGAAACCT-CAG-3') from Rosel et al. (1994) . The PCR was performed in a Perkin-Elmer thermocycler (model 2400) on a 50-µ L scale. Each PCR reaction mixture contained 5-50 ng of genomic DNA, 15 mM Tris-HCl (pH 8.0), 75 mM KCl, 1.5 mM MgCl 2 , each dNTP at 150 µ M, each primer at 0.3 µM and 1.25 units of Taq DNA polymerase (Takara Shuzo Co., Ltd.). The cycling profile consisted of an initial denaturation at 90 ° C for 2.5 min, followed by 35 cycles of 45 s at 94 ° C, 1 min at 46 ° C and 1.5 min at 72 ° C. The amplified products were purified using a QIAquick® PCR Purification Kit (QIAGEN) and subjected to cycle-sequencing reactions using an ABI PRISM TM Cycle Sequencing Kit (Applied Biosystems) according to the manufacturer's recommended conditions. All samples were sequenced in both directions with the L15926 primer for the light strand and an internal primer, H16498 (5'-CCTGAAGTAAGAACCA-GATG-3', Rosel et al. 1994) , for the heavy strand. Sequences were analysed using an ABI 373A or ABI 377 automated DNA sequencer, and the data were aligned by eye.
Analysis of mtDNA variation
The amount and nature of DNA polymorphisms were assessed by estimating both nucleotide and haplotypic diversity (Nei 1987) . To test selective neutrality in the DNA region under examination, Tajima's (1989a) D -statistic was used. The calculations were carried out using the program package ARLEQUIN (Schneider et al., 1997) .
The neighbor-joining (NJ) method (Saitou and Nei 1987) was applied to infer the phylogenetic relationships among mtDNA haplotypes from a pairwise matrix of the distance based on Kimura's (1980) two-parameter model. The degrees of supports for internal branches were assessed by 1,000 bootstrap pseudoreplications (Felsenstein, 1985) . The NJ analysis was performed using CLUSTAL W (Thompson et al., 1994) . A minimum spanning network of the mtDNA haplotypes was also constructed using the MINSPNET (Excoffier and Smouse 1994) , a parsimony-based approach useful when homoplasies are frequent.
An analysis of molecular variance (AMOVA; Excoffier et al., 1992) was conducted to measure the degree of genetic differentiation among populations. The AMOVA calculates Φ ST , analogous to Wright's (1965) F ST , an index of population subdivision. The Φ ST incorporates information on the genetic distance between haplotypes as well as the frequencies of haplotypes in each population. The conventional F ST was estimated by an analysis of variance of haplotypic frequencies with the AMOVA option. The significance of Φ ST and F ST was tested by multiple permutation (1,000 times) of the original data set. Table 1 . Variable sites of 49 mtDNA control region and flanking tRNAs haplotypes (L-strand, 5' to 3' sequence) in Dall's porpoises. Dots and dashes indicate identity and a relative deletion, respectively. The number of individuals for each haplotype by population is shown. The asterisk indicates the beginning of the control region.
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Haplotype 2 3 7 4 0 2 6 0 1 7 5 1 2 3 4 5 9 1 2 3 6 2 6 5 6 7 9 0 3 4 5 8 0 1 2 1 4 7 9 1 2 3 9 9 0 6 8 0 4 2 5 5 6 7 4 SJ TR WNP Total kin, 1991, 1995) and finally becomes reduced to F ST = t / ( t + N ). Then the divergence time ( T ) is given by T = gNF ST /(1-F ST ), where g is the generation time. The other estimate was calculated using the number of net nucleotide substitutions per site between populations (nucleotide divergence; Nei, 1987) . If the rate of nucleotide substitution is constant and is λ per site per year, and if the time since divergence between the two populations is T, then the expected value of the nucleotide divergence ( d A ) is expressed as d A = 2 λ T . Current estimates of the population size for the Sea of Japan-Okhotsk population and the truei -type population are 226,000 and 217,000 individuals, respectively (Miyashita, 1991) . Of these individuals, approximately half are considered to be females (Kasuya, 1978) . We used half of the average of the estimates, i.e. 110,750, as the population size ( N ). The estimated average age of females at sexual maturity is 3.8 yr in the northwestern North Pacific (Newby, 1982 ) and 6.8 yr in the truei -type (Kasuya, 1978) . We used the average of these estimates, i.e. 5.3, as the generation time ( g ). We used the porpoise-specific mtDNA evolutionary rate of 0.93% per million years calculated by Escorza-Treviño and Dizon (2000) for Dall's porpoises.
RESULTS
Sequence analysis of 479 bases of the 5' end of the mtDNA control region and the flanking tRNAs revealed 55 variable sites defining 49 unique haplotypes among 103 individual porpoises (Table 1 ). The sequences of the 49 haplotypes have been deposited in GenBank under accession numbers AF516824-516872. The number of haplotypes in each population ranged from 20 to 24 (Table 2 ). Many of the frequently observed haplotypes were shared between two or among three populations. Each population was characterized by several unique haplotypes, most of which occurred in a single sample (Table 1, Fig. 2) .
Haplotypic diversity estimates and nucleotide diversity estimates for each population are shown in Table 2 . A large negative Tajima's D-value was observed in the Sea of Japan-Okhotsk population (D = -1.77, P < 0.05).
In an NJ dendrogram, two clusters were supported with marginally significant bootstrap proportions (Fig. 2 ; node I: BP = 70%, node III: BP = 73%). No other reliable relationships among haplotypes were detected because of the many branches with low BP values (BP < 70%). The node III cluster consisted of haplotypes variable in the flanking tRNA region. The node II (BP = 64%) cluster consisted of haplotypes having a nucleotide (adenine) insertion at the beginning of the control region. Haplotypes unique to each population were scattered in various clusters and did not constitute clusters that represented a specific population.
A minimum spanning network was divided into two major clusters by four mutations (Fig. 3) . Both clusters included a common haplotype from which multiple, rarer haplotypes radiated. One cluster, which included haplotype 1 in the center, corresponded to the node I cluster in the NJ dendrogram. The other was more reticulated and more diverse around haplotype 11. Most of the Sea of Japan-Okhotsk individuals bore haplotype 11 or closely related haplotypes originating from it.
The AMOVA results indicated the presence of genetic subdivison among the three populations (Table 3) . For pairwise population comparisons, small but significant F ST and Φ ST values were obtained between the Sea of Japan-Okhotsk and the northwestern North Pacific populations. Although the comparison between the Sea of Japan-Okhotsk and the truei-type populations was not significant after sequential Bonferroni correction (P-values ≤ 0.025 are significant at α = 0.05), the AMOVA results suggested that there was a certain degree of genetic differentiation between these populations. These 39,700, 35,500 and 30,400 years (yr) between the Sea of Japan-Okhotsk and the northwestern North Pacific populations, respectively. Corresponding values between the Sea of Japan-Okhotsk and the trueitype populations were estimated as 14,300, 12,600 and 10,100 yr, respectively. 
DISCUSSION
Mitochondrial genetic variation and genetic structure A high level of genetic variations in haplotypic diversity (overall h = 0.968) and moderate variability in nucleotide diversity (overall π = 0.0106) are common to odontocete populations that are expected to have relatively large and stable population sizes (e.g., bottlenose dolphins (Tursiops spp.; Wang et al., 1999) , common dolphins (Delphinus delphis; Rosel et al., 1994) , Pacific white-sided dolphins (Lagenorhynchus obliquidens; Lux et al., 1997) , striped dolphins (Stenella coeruleoalba; Archer, 1996) , and harbour porpoises (Phocoena phocoena; Rosel et al., 1995) ). The complex network of mtDNA haplotypes in the present samples, which was deeply branched with some distinctive lineages (e.g., node I, II, III clusters in Fig. 3 ) and connected with large numbers of rare haplotypes that differed by a few nucleotides, is similar to the phylogenetic network of mtDNA genotypes based on restriction sites in Dall's porpoises (McMillan and Bermingham, 1996) . The Dall's porpoise is one of the most abundant cetaceans, with a total population size estimated between 1.44 and 2.81 million individuals (Jones et al., 1987) . The type of mtDNA variation described above suggests that there has been long-term maintenance of equilibrium of the population conditions, which means that the effective size of female populations has been comparatively large and stable in this species (McMillan and Bermingham, 1996) . Under such conditions, genetic variations may occur frequently, but fixation by genetic drift or widespread extinction of lineages would be buffered. Consequently, the population of Dall's porpoises may have maintained a high level of polymorphism. The spatial distribution of Dall's porpoise mtDNA variations suggests a very close evolutionary relationship among the populations in Japanese waters despite their consistent differences in coloration. Few phylogeographic signals were detected because most of the haplotypes that appeared with moderate to high frequency were shared between populations and because haplotypes unique to each population were found intermingled in the distinct clusters. Indeed, more than 97% of the total molecular variance was a result of variation within populations (Table 3 ). In addition, between the two Pacificside populations, the truei-type and the northwestern North Pacific populations, no differences were found in mtDNA variation. Nevertheless, mtDNA variation was not distributed randomly across Japanese waters. AMOVA indicated significant or nearly significant differences between the Sea of Japan-Okhotsk and the other two populations. This suggests the demographic distinction of the former population.
Escorza-Treviño and Dizon (2000) firmly concluded that there were high levels of gene flow, especially genetic homogenization by male dispersal, in dalli-type Dall's porpoises. However, considering the consistent differences in coloration, and the following facts, the current gene flow among populations in Japanese waters seems to be restricted. Sighting surveys have revealed that each population has a breeding ground where mother-calf pairs and mature males aggregate during the summer breeding season and that different color morphs rarely coexist in each breeding ground (Kasuya and Jones, 1984; Miyashita, 1991) . The gestation period of approximately 1 year and practically annual delivery of Dall's porpoises (Kasuya, 1978; Newby, 1982; Ferrero and Walker, 1999) indicate that copulation occurs immediately after parturition in each breeding ground. In addition, each population seems to be isolated temporally or geographically, especially during breeding. Although the breeding grounds of the Sea of Japan-Okhotsk population and the truei-type population are parapatric (Fig. 1) , the calving season of the former is presumed to be May to June (Amano and Kuramochi, 1992) , whereas that of the latter is considered to be August to September (Kasuya, 1978) . The calving season of the northwestern North Pacific population (July to August: Newby, 1982; Ferrero and Walker, 1999) overlaps with that of the truei-type population, but the locations of the breeding grounds are segregated from each other during that period (Kasuya and Jones, 1984; Miyashita, 1991) . Therefore, the lack or very small amount of genetic differentiation among the populations observed in the present study may not be the result of genetic homogenization by gene flow. The genetic structure of Dall's porpoises in Japanese waters may reflect a high level of genetic polymorphism in the common ancestral population, which subsequently underwent a rapid divergence.
Peculiarity of the Sea of Japan-Okhotsk population Until recently, dalli-type animals were considered to be widely distributed in the species range except the area of truei-types. However, Shimura (1989) reported that the Sea of Japan-Okhotsk population shows heterogeneity of gene frequencies at several allozyme loci. The skull morphology of the Sea of Japan-Okhotsk porpoises is different from that of other populations (Amano and Miyazaki, 1992) . Amano and Miyazaki (1996) and Amano et al. (2000) demonstrated that the Sea of Japan-Okhotsk population possesses a distinctive color morph whose flank patch is smaller than that of dalli-types from other areas. The AMOVA results of the present study further indicate the demographic distinction of the Sea of Japan-Okhotsk population. These genetic and morphological differences suggest that the Sea of Japan-Okhotsk population has undergone a peculiar process of genetic drift, probably because of early established or strong gene flow barriers between this population and others.
The peculiar history of the Sea of Japan-Okhotsk population is inferred from another genetic characteristic found in the present study. This population is characterized by low nucleotide diversity that mainly results from a shallow phylogenetic relationship among haplotypes. The haplotypes of the Sea of Japan-Okhotsk population display a star-like phylogeny around haplotype 11. More ancestral haplotypes tend to occupy interior positions in phylogenies, possess greater numbers of mutational connections and have higher frequencies (Crandall and Templeton, 1993) . These characteristics are shown by haplotype 11 in the phylogenetic network of haplotypes (Fig. 3) . This haplotype would have been present in the ancestral population and subsequently become a core haplotype of the Sea of Japan-Okhotsk population through a founder event or other strong genetic drifts. A large negative Tajima's D-value was obtained for this population, and Tajima's test of selective neutrality indicated that the mean number of pairwise nucleotide substitutions was significantly small for the number of segregating sites in the sample. This situation suggests population disequilibrium caused by a past bottleneck or population expansion (Tajima, 1989b (Tajima, , 1993 , which is also inferred from the star-like phylogeny around haplotype 11.
Estimates of the divergence time between the populations indicate that environmental or geological events during the last glacial age would have affected the demography of the Sea of Japan-Okhotsk population.
Estimates of the time of divergence between the Sea of Japan-Okhotsk and the truei-type populations ranged from 10,000 to 14,000 years ago, and those between the Sea of Japan-Okhotsk and the northwestern North Pacific populations ranged from 30,000 to 40,000 years ago. Although it is necessary to note that estimates of the divergence time should be underestimated by the influence of possible gene flow, each method of calculation gave relatively close estimates, suggesting that the times of the population divergence found here are reasonable approximations. The estimated dates fall around the last glacial period (Würm gracial) in the Late Pleistocene. Currently, the northern part of the Sea of Japan is connected with the Pacific and the Sea of Okhotsk through the Tsugaru and the Soya Straits, respectively (Fig. 1) . However, it is considered that in the last glacial age, the sea level was lower (Fairbanks, 1989; Peltier, 1994) , so that the Eurasian Continent and Hokkaido were continuous and the Sea of Japan was completely isolated from the Sea of Okhotsk (Ono, 1990) . Although it has been controversial whether the Tsugaru Strait, which is much deeper than the Soya Strait, was closed completely or not during the last glaciation (Ohshima, 1990; Oba et al., 1991; Keigwin and Gorbarenko, 1992) , migrations of marine organisms between the Sea of Japan and the Pacific must have been severely restricted during this period. From this information and the above suggestions of the peculiar process of genetic drift, we infer that the Sea of Japan-Okhotsk animals are descended from a small founding population that colonized the Sea of Japan during an interglacial in the Late Pleistocene, or that they experienced a population reduction because of environmental changes or reduction of available habitats due to the lowered sea level while the sea was isolated from the North Pacific during the last glacial age.
Discordance between mtDNA genealogy and external color type The three populations around Japan display distinct divergence in coloration despite the small differences in mtDNA variation, especially despite the lack of genetic difference between the truei-type and the northwestern North Pacific populations. The differences in color pattern, namely the size of the white patch on the flanks, appear to be already determined at birth, because the relative position of the patch on the body does not change with growth (Amano et al., 2000) . This indicates that the geographic variation in the external color pattern of Dall's porpoises does not occur on a ontogenetic or ecophenotypic basis but on a genetic basis. Some distinctive phenotypic features among closely related species or subspecies or even intraspecific populations, such as pelage color in mammals, plumage in birds and external morphology in fishes, may evolve rapidly under diversifying sexual or natural selection (Kingdon, 1980; Zink and Dittmann, 1993; Brawn et al., 1996; Seehausen et al., 1997; Price, 1998) . Therefore, geographic variations in these characters could be associated more strongly with the breeding structure of populations than are geographic variations in neutral or selectively constrained molecular markers such as mtDNA (Hillis, 1987; Avise, 2000) . Considering that the greatest difference in coloration is found between the Sea of Japan-Okhotsk and the truei-type populations, whose breeding grounds are parapatric, the size of the white patch would be a character under a certain selection pressure, such as mate recognition. However, little is known about the evolution of the color types in Dall's porpoises to discuss what selection pressures may have fixed a color type in each population or may maintain the polymorphism. Further ecological and behavioral studies are needed to understand the mechanism of the maintenance of polymorphism in the color pattern and the process of the rapid differentiation of color types between populations in Dall's porpoises.
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